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Abstract. Recent experiments have found new magnetic behaviors, which are different from the parent bulk materials, at the in-
terfaces between 3d and 5d oxides such as SrMnO3 (SMO) and SrIrO3 (SIO). The system is of considerable interest due to the
strong spin-orbit coupling in the 5d materials on one hand and the double exchange physics in SMO on the other, which belongs
to the class of the colossal magnetoresistive (CMR) manganites. In order to gain insight into the physics of the system, we have
performed density-functional studies on a selected interface structure, viz., the (SMO)1(SIO)1 superlattice, which has been experi-
mentally grown and studied. Our density-functional results show that the interfacial magnetism is controlled by a net charge transfer
at the interface from the SIO to the SMO side, turning both of them into ferromagnetic metal from the original antiferromagnetic
insulating state in the bulk. The transferred electrons to the SMO side make it ferromagnetic through the Anderson-Hasegawa
double exchange interaction, while the SIO part becomes ferromagnetic due to the doping of the half-filled Mott-Hubbard insulator
as suggested by the Nagaoka Theorem. Our results are discussed in the context of the experiments for the same structure.
INTRODUCTION
Transition metal oxides (TMO) are ideal playgrounds for the observation of the interplay between charge, spin, or-
bital and lattice degrees of freedom leading to many fascinating properties such as the metal-insulator transition [1],
multiferroic properties [2], quantum spin liquid state [3], colossal magneto-resistance [4], unconventional supercon-
ductivity [5], and the like. While the physics of the 3d TMO is governed by the strong Coulomb interaction, in the 5d
TMO, it is the large spin-orbit coupling (SOC) that plays a dominating role. Thus the unique combination of strong
Coulomb repulsion and SOC can provide an important means of engineering the electronic and magnetic properties
at the 3d-5d interfaces, with properties different from those in the bulk. In fact, as we show in the current paper, a
novel conducting and ferromagnetic (FM) region is predicted to occur at the interface, while both parent materials are
antiferromagnetic (AFM) insulators.
A number of interface structures between the 3d and 5d TMO have been grown and studied recently [6, 7, 8].
One of the notable example of these is the (001) (SMO)m/(SIO)n superlattice grown on the SrTiO3 substrate [6]. In
contrast to the parent oxides, where SMO is a G-type AFM insulator and SIO is a canted AFM insulator as found in
T = 0 K density functional calculation [9], magnetization and transport measurements of the interface reveal a FM
ground state as well as a strong anomalous Hall effect [6]. Furthermore, X-ray absorption and X-ray magnetic circular
dichroism spectroscopies [6] indicate a charge transfer from SIO to SMO, which has been interpreted to be due to the
formation of molecular orbitals at the interface [10].
We show here the emergence of ferromagnetism at the interfacial layers of the 3d SrMnO3 (SMO) and 5d
SrIrO3 (SIO) interface in agreement with the experimental observation [6] and unravel its mechanism. Detail density-
functional calculations are performed for the (001) (SMO)1(SIO)1 superlattice structure. We find the magnetism at
the interfacial layers to be the outcome of the charge transfer from the SIO to the SMO part. This leads to ferromag-
netism in the electron doped SMO side, which is driven by the Anderson-Hasegawa double exchange (AHDE), while
the ferromagnetism on the SIO side, which effectively becomes hole doped, is governed by the physics of the doped
Mott-Hubbard insulator, where as suggested by the Nagaoka Theorem, a single hole in the half-filled Hubbard model
turns the system into a FM metal from the AFM insulating state.
STRUCTURE AND COMPUTATIONAL METHODS
The bulk SMO crystallizes in the ideal cubic perovskite structure, while SIO crystallizes in the orthorhombic per-
ovskite structure. In the present work, in order to construct the (SMO)1(SIO)1 superlattice, we have considered the
idealized cubic structure ignoring the orthorhombic distortion of the iridate as shown in Fig. 1. The unit cell of the
(SMO)1(SIO)1 superlattice contains two formula units of SMO and SIO. The in-plane lattice parameter (a = b) of the
superlattice structure is fixed to the experimental lattice constant of the substrate SrTiO3 (3.905 ×
√
2 Å) while the out
of plane lattice parameters are fixed to the respective experimental lattice constants of the bulk structures i. e, 3.80
Å for SMO [11] and 3.94 Å for SIO [12, 13].
In the bulk, SMO is an AFM insulator. Experimentally, SIO is a paramagnetic metal which turns into a para-
magnetic insulator below a transition temperature TMI ∼ 44 K [13]. However, density-functional studies [9] suggest
that at T = 0 it should be a canted AFM insulator, which is not inconsistent with the experimental measurements to
the lowest temperatures. Our results will show that the two sides of the interface turn FM within the layers, while
remaining AFM between the layers as indicated in Fig. 1.
FIGURE 1. (color online) The ideal (001) (SMO)1(SIO)1 superlattice structure studied in the paper. Also indicated is the magnetic
ground state obtained from our calculations, which is FM within the layers and AFM between the layers.
Our first principles calculations based on density functional theory (DFT) have been performed using the plane-
wave based projector augmented wave (PAW) [14, 15] method as implemented in the Vienna ab initio simulation
package (VASP) [16, 17]. Exchange and correlation effects are treated within the generalized gradient approximation
(GGA) [18] of Perdew-Burke-Ernzerhof including Hubbard U [19] and SOC. The Hubbard U for Ir and Mn-d states
are taken to be U = 2 eV and U = 3 eV respectively following earlier authors [10]. The kinetic energy cut-off of
the plane wave basis was chosen to be 550 eV and a Γ centered 6×6×4 k-mesh has been used for the Brillouin-zone
integration.
RESULTS AND DISCUSSIONS
DFT results for the bulk – Before we discuss the results for the interface, we briefly indicate the results of our cal-
culations for the two bulk materials. We find that the bulk cubic SMO has the t32g configuration and it is a G-type
AFM insulator with magnetic moment 2.77 µB/Mn, which is consistent with the experimental value of 2.6 ± 0.2 µB
[11]. For SIO, the electronic structure is governed by the strong SOC of Ir, which splits the partially filled t2g states
(filled with five electrons with the d5 configuration) into spin-orbit entangled completely filled Jeff = 3/2 quartet and
half-filled Jeff = 1/2 doublet. Orthorhombic SIO is a paramagnetic material with effective magnetic moment ∼ 0.12 µB
[13]. Transport measurements show that SIO undergoes an insulator to metal transition at TMI about 44 K with the low
temperature structure being insulating [13]. Our DFT calculations (T = 0) show that SIO is a canted AFM insulator
in agreement with the previous report of first principles study on the orthorhombic SIO [9]. Indeed, experiments show
that the paramagnetic metallic state is in close proximity to the AFM insulating state [20], which is found to be the
ground-state from the DFT calculations.
08
16
-10 -8 -6 -4 -2 0 2 4 6 8 10
Energy (eV)
0
8
16
SIO
SMO
D
O
S 
(S
tat
es/
eV
) O-p
O-p
J   = 3/2
J   = 1/2
eff
eff
Mn-e
Mn-t2g
g Sr
Sr
gIr-eIr-t2g
FIGURE 2. (color online) The layer projected density of states (DOS) for the (SMO)1(SIO)1 superlattice with the magnetic ground-
state structure as shown in Fig.1. The figure indicates metallic behavior and a numerical integration of the DOS curves up to Fermi
energy (taken as the zero of energy) yields a transfer of electrons (∼ 0.06 e−) from the SIO layer to the MnO layer.
Magnetism at the interface – We have considered two magnetic configurations denoted as “FM1” and “AFM”.
In the “FM1” configuration, the interaction within the layer is FM but it is AFM between the MnO2 and IrO2 layers
(see Fig. 1) while for the “AFM” configuration, both the intra-layer as well as the inter-layer interactions are AFM.
The calculation of total energy within GGA+SOC+U, shows that “FM1” is lower in energy (see Table 1) indicating
the emergence of ferromagnetism at the interface consistent with the experimental report [6].
TABLE 1. Total energies per (SMO)1(SIO)1 formula unit and charge transfer across the interface (electrons transferred from SIO to
SMO side) per interface Ir atom. The “FM1” structure is the ground state configuration as indicated in Fig. 1, while “AFM” denotes
the structure where the magnetic moments are antiferromagnetically aligned within the layers and also between the two layers. The
total energy of the “FM1” structure is set to zero.
Magnetic ∆E Charge
Structure (eV/fu) Transfer/Ir
FM1 0 0.06
AFM 0.12 0.04
The layer projected density of states (DOS) corresponding to this “FM1” configuration (see Fig. 1) is shown in
Fig. 2. As we can see from Fig. 2, the interfacial SMO layer not only becomes FM but also metallic due to the transfer
of electrons from the half-filled spin-orbit entangled Jeff = 1/2 state of the iridate to the emptyMn-e
↑
g states. The charge
transfer across the interface may be computed by integrating the total DOS up to the Fermi energy (EF) on the two
sides, shown in Fig. 2, which however shows the projected charges within the atomic spheres and therefore must be
appropriately renormalized. Approximately the same charge transfer is obtained if one integrates the partial DOS for
the Ir and Mn atoms. Considering the charge transfer from the SIO to the SMO side, we find that there is a transfer
of 0.06 electrons per interface Ir atom for the “FM1” structure. This leads to a charge transfer of 3.9 × 1013 e−/ cm2
across the interface, which is comparable to the density of the 2DEG in the well-studied polar interface of LaAlO3
and SrTiO3 [21, 22, 23]. In the higher-energy AFM configuration, the computed charge transfer is a bit smaller as
seen from Table 1.
Regarding the magnetic moment, we find that on the SMO side, the Mn spin moment is enhanced compared to
the bulk value (3.23 µB/Mn vs. 2.77 µB/Mn in the bulk). As expected, the orbital moment at the Mn site is small, being
about 0.03 µB. The electron leakage from SIO to SMO leaves holes on the SIO side and makes the SMO side electron-
doped as indicated in Fig.3. The hole-doped interfacial SIO also exhibits ferromagnetism and becomes metallic in
contrast to the bulk properties. Both the spin and the orbital moment at the Ir site are found to be comparable, viz.,
0.21 and 0.16 µB respectively, which is expected for a strong spin-orbit coupled material.
FIGURE 3. (color online) Schematic diagram showing the charge transfer at the interface from the half-filled Jeff = 1/2 state of
SIO to the empty e↑g state of the SMO as obtained from the DFT results. The charge leakage from SIO makes it hole doped, while
the SMO side becomes electron doped. The doped carriers make both sides metallic as well as FM as discussed in the text.
As already mentioned, ferromagnetism at the SMO/SIO interface is quite interesting in the sense that none of
the parent oxides is FM in nature. In the following, we discuss a possible mechanism for the ferromagnetism in the
interface structure.
Anderson-Hasegawa double exchange and ferromagnetism in the SMO layer – The ferromagnetism at the SMO
side can be explained in terms of the double exchange developed for the colossal magneto-resistive (CMR) mangan-
ites. The leaked electrons into the manganite occupy the eg states and introduce ferromagnetism by AHDE [24]. In
this mechanism (illustrated for a two-site system in Fig. 4), the superexchange of the core spins, fixed on the Mn sites
(t2g spins), is overcome by the kinetic energy gain of the doped carriers into the itinerant eg bands for sufficient amount
of the carrier concentration x. For the case of infinite Hund’s coupling JH (typically ∼ 1 eV in the 3d materials), the
itinerant eg electrons can hop around the lattice if they are aligned in parallel with the core spins. Therefore hopping
is allowed if the neighboring core spins are ferromagnetically aligned, while it is forbidden if the two spins are anti-
ferromagnetically aligned. For intermediate alignment of the neighboring core spins with the “canting” angle θ, the
effective hopping of the itinerant electron is given by the well-known Anderson-Hasegawa expression t cos(θ/2) [24].
The canting angle is given by a competition between the AFM superexchange energy J of the core spins (treated
as classical spins) and the hopping energy of the doped electrons, which is described by the double-exchange Hamil-
tonian
H = −t cos(θ/2)
∑
〈i j〉
(c†
i↑c j↑ + H.c.) +
∑
〈i j〉
J Sˆ i · Sˆ j, (1)
where we have considered a two sublattice structure with the core spins of the two sublattices are FM within the
sublattice and are aligned with the canting angle θ between the two sublattices, so that for the FM structure θ = 0,
while for the AFM structure θ = π, c†
i↑ creates an electron at the site i with spin aligned to the core spin ~S i at that site,
and the sum is over all distinct set of nearest neighbors. The Hund’s energy being infinity, the corresponding spin state
c
†
i↓ has infinite energy and does not play a role in this simple picture.
As pointed out by de Gennes in a seminal paper [25], the double exchange Hamiltonian Equation (1) turns the
original AFM state to a canted AFM state and eventually to a FM state with increasing carrier concentration x. For
small x, the electrons occupy the band bottom Eb = −2z|t| cos(θ/2), where the number of nearest neighbor z = 4
corresponding to the present case of the Mn square lattice in the SMO layer. The canting angle θ is obtained by
minimizing the total energy
E = Eb x + zJ cos θ (2)
with respect to θ, which immediately yields the result
θ = 2 cos−1
( |t|x
2J
)
. (3)
In the absence of charge leakage (x = 0), super-exchange leads to the AFM state with θ = π. Now, with the
increase in charge leakage (x) into the SMO, the strength of the double exchange interaction increases and eventually
FIGURE 4. (color online) Illustration of the Anderson-Hasegawa double exchange interaction and the carrier-induced canted AFM
state in a two-site system.
at a certain critical doping concentration (xc) double exchange dominates over the existing super-exchange interaction.
At this point, the total energy stabilizes at a canting angle θ , π leading to a canted AFM state. Further increase in x,
leads to a FM state with θ = 0.
Clearly, as indicated by the expression (3), we recover the AFM state for x = 0, while the system turns FM
beyond the critical value given by xc = 2J/|t| ≈ 0.13, where J ≈ 10 meV and |t| ≈ 0.15 eV for SMO. This result was
obtained in the limit JH → ∞, but as shown in our earlier work [26] the critical concentration diminishes by about
a factor of two if a finite JH ≈ 1 eV is used, resulting in the value xc ≈ 0.07. That is about 7% doped charge carrier
would turn the material FM. From our DFT calculations, we found a charge transfer of about 6% across the interface,
which though not more than the critical value predicted from the simplified model, is quite close to it. This suggests
the AHDE as the mechanism that turns the SMO part FM, caused by the charge transfer across the interface.
SIO layer as a hole doped Mott-Hubbard insulator – The ferromagnetism in the SIO part can be described in
terms of the hole-doped Mott-Hubbard insulator. The charge transfer from SIO to SMO leads to hole doping. As we
have mentioned earlier, at T = 0, SIO is a canted AFM insulator. Now, according to the Nagaoka theorem [27], in
the strong-coupling Hubbard model (U/W → ∞), a single hole destroys the AFM insulating state of the undoped
half-filled Hubbard model, turning it into a FM metal. For a smaller U, a finite but non-zero concentration of holes
is needed to turn the system into FM. Exact results do not exist in this case, however mean-field calculations of the
ground state phase diagram of the dopedHubbardmodel show that the FM state is favored when the hole concentration
exceeds a critical value [28] (typically a few percent depending on the magnitude of U/W). This explains the observed
ferromagnetism in the SIO layer.
Prediction for the (SMO)n(SIO)n superlattices – Recently, in addition to the (SMO)1(SIO)1 superlattice, exper-
imenters have systematically grown and studied thicker superlattices of the type (SMO)n(SIO)n with n > 1. Based
on the insight gained from our studies, we can predict the magnetism at the interface for these superlattices. With
the increase in n, the electrons are not only leaked into the first interfacial SMO layer but also into the following
layers away from the interface, leading to a reduced electron doping concentration in SMO. In fact, for the n ≥ 2
structure, the charge leakage is expected to be nearly half of the n = 1 structure studied in the paper, since in the
latter, charge in the SMO layer is transferred from two of the adjacent layers in the interface. The hole concentration
on the SIO side is similarly reduced as the SMO layer is situated only at one side as opposed to the (SMO)1(SIO)1
structure, where the SMO layers are at both sides of SIO. The reduced charge transfer is not then expected to exceed
the critical value xc, so that the doped carriers are unable to induce sufficient double exchange in order to overcome
the existing AFM interaction. Similarly, the smaller hole concentration on the SIO side may not exceed the critical
value to produce ferromagnetism. The final result may be a canted AFM state driven by double exchange producing a
reduced, but non-zero net FM moment in the superlattice structure. Indeed, recent magnetic measurements [6] show
that ferromagnetism is gradually reduced in going from n = 1 to 3, and it completely disappears for n ≥ 4, consistent
with our argument.
SUMMARY
In summary, we have performed density-functional studies on the recently grown SIO/SMO interfaces in order to gain
insight into the behavior of interfaces between 3d and 5d materials. Concrete calculations were performed for the
(SMO)1(SIO)1 superlattice grown along the (001) direction. The calculations show that there is a significant amount
charge leakage of 3.9 × 1013 e−/ cm2 (0.06 e− per interface Ir) across the interface from the SIO to the SMO side,
making the former hole doped and the latter electron doped.
The transferred charge plays an important role in altering the magnetic interactions near the interface. The doped
electrons turn the SMO part metallic and ferromagnetic via the well-known AHDE mechanism. The hole doped SIO
part, on the other hand, behaves like a hole doped Hubbard system and becomes FM also. Both mechanisms require
a critical amount of doped carriers (xc ∼ a few percent, depending on the Hamiltonian parameters such as the U/W
ratio, Hund’s energy JH , etc.) to turn the system FM, and the transferred charge in the (SMO)1(SIO)1 structure exceeds
this value.
Extending this to the (SMO)n(SIO)n superlattices with n > 1, we argued that the ferromagnetism at the interface
gradually becomes weaker with increasing layer thickness n, and after a critical value of n ∼ 4, it completely disap-
pears, which qualitatively agrees with recent experiments [6]. The reason for this is that the leaked carriers penetrate
deeper into the bulk, making it below the critical concentration xc for any layer, so that the doped carriers are not
sufficient in number to alter the original antiferromagnetism. The effect allows for the engineering of the interface
magnetism by tuning the amount of charge transfer across the interface, which can presumably be done by external
means such as gate voltage and strain. It would be valuable if such experiments can be performed in the future in order
to assess their effects on the magnetism at the interface.
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